The reversible thermal denaturation of apo ␣-lactalbumin (␣-LA) and lysozyme was measured in the absence and presence of multiple concentrations of each of seven saccharides (glucose, galactose, fructose, sucrose, trehalose, raffinose, and stachyose) at multiple pH values. It was observed that with increasing pH, the absolute stability of ␣-LA decreased, whereas the stabilizing effect per mole of all saccharides increased, and that the absolute stability of lysozyme increased, whereas the stabilizing effect per mole of all saccharides decreased. All of the data may be accounted for quantitatively by straightforward electrostatic generalization of a previously introduced coarse-grained model for stabilization of proteins by sugars.
One of the mechanisms utilized by living organisms to combat stressful changes in external conditions involves accumulation of osmolytes as stress protectants (1) (2) (3) (4) . Osmolytes are compatible organic solutes that provide stability to macromolecules and other cell organelles in vitro and in vivo, and maintain the normal functioning of organism during stress conditions (1, (5) (6) (7) . On the basis of their chemical nature, they are classified into amino acids and their derivatives, methylamines, polyols, and sugars (1) . A relatively small number of such compounds is commonly used by a wide range of organisms (8) . The disaccharide trehalose accumulates in yeast in response to thermal stress (9) , and yeast mutants lacking the ability to synthesize trehalose exhibit reduced tolerance to heat shock (10) . Trehalose at physiologically relevant concentrations has been shown to stabilize proteins against thermal denaturation in vitro and in vivo (11, 12) . On the basis of in vitro studies, it has been proposed that unfavorable interaction of stabilizing osmolytes with the peptide backbone leads to their preferential exclusion from protein surface or preferential hydration of the protein. This preferential interaction alters the thermodynamic equilibrium between the native (N) and unfolded (U) states (i.e. N 7 U) of the protein by shifting it toward that state with the least exposed surface, i.e. the native state (13) (14) (15) (16) (17) (18) .
In our efforts to understand how osmolytes mediate these effects, we recently determined the impact of seven different saccharides as representative osmolytes on the thermal stability of two model proteins, apo ␣-lactalbumin (␣-LA) 3 and lysozyme, at pH 7.0, and were able to quantitatively account for the relative stabilization of each protein by each sugar with a single temperature-independent parameter (19) . It was noted that each sugar stabilized ␣-LA to a greater extent than lysozyme, despite their nearly identical molar masses and sizes of their native states. We therefore hypothesized that conformational differences between the proteins due to differences in electrostatic interactions between charged residues in the native and unfolded states were the reason for the difference in sugar-mediated stabilization. To test this "electrostatic hypothesis," we have assessed the pH dependence of reversible thermal denaturation of apo ␣-LA and lysozyme at multiple concentrations of each of the seven saccharides. It was found that although the absolute thermal stability of each protein decreased as the pH of the solution moved away from the protein pI, the stabilizing effect of added sugar at that pH increased. Both observations may be accounted for by a straightforward generalization of the previously proposed coarse-grained model for stabilization of proteins by sugars (19) . The generalized model, depicted schematically in Fig. 1 , is described fully in the section "Data Analysis." It will be shown below that the difference in the pH dependence of thermal stabilization between the two proteins may be accounted for by an increase in the net charge of each protein resulting in a corresponding increase in volume excluded to sugar by the unfolded state.
Results
Thermal unfolding experiments were performed on ␣-LA and lysozyme solutions in the presence of different saccharides of various degrees of oligomerization: mono-(glucose, galactose, and fructose), di-(sucrose and trehalose), tri-(raffinose), and tetra-(stachyose) saccharides at different pH values. Thermal denaturations of ␣-LA were measured at pH values of 7.0, 6.5, 6.0, 5.5, and 5.0, whereas, in case of lysozyme, the pH values were 7.0, 6.0, 5.0, 4.0, and 3.0. Thermal denaturation curves of both proteins under all conditions are plotted in supplemental Figs. S1-S6. Reversibility of denaturation was checked as described under "Experimental Procedures," and was found that under the conditions of our experiments, thermal unfolding of both proteins was reversible for all sugar concentrations at every pH of measurement.
Figs. 2 and 3 are plots of the experimental thermal denaturation data obtained from measurements on ␣-LA and lysozyme in the absence and presence of different concentrations of glucose at different pH values. Thermal denaturation curves of both proteins in the presence of other sugars at different pH values are qualitatively similar and are plotted in the supplemental information. The temperature dependence of ⌬⑀ mea-sured in the presence of multiple concentrations of glucose at a given pH value were globally fit by Equations 3-8 of Beg et al. (19) to obtain the best-fit value of ␣ at that pH. The best-fit functions calculated using this model with parameter values given in the figure captions are plotted together with the data in Figs. 2 and 3. The value of T m 0 obtained from the best-fit of Equations 4 -6 of Beg et al. (19) to denaturation curves obtained in the absence of added sugar are plotted against the pH value for both proteins in supplemental Fig. S7 .
The approximate method described in the section on "Data Analysis" was also used to estimate the values of ␣ for ␣-LA and lysozyme in the presence of glucose at different pH values. To facilitate comparison, values of ␣ obtained both from full modeling and the approximate method are plotted together as functions of pH in Fig. 4 for these proteins. It is seen in this figure that both the approximate and fully modeled estimates of ␣ agree to within the uncertainties of estimate at every pH. This comparison shows that the approximate method is sufficiently accurate that detailed modeling is not required to obtain a reliable estimate of ␣ for all conditions. We have therefore used the approximate method to estimate the values of ␣ for both proteins in the presence of all saccharides at all of the different pH values. Tables 1 and 2 , respectively, indicate the values of ␣ so obtained for ␣-LA and lysozyme in the presence of different saccharides and at various pH values. The pH dependence of ␣ for both proteins and all sugars is plotted in Figs. 5 and 6.
Discussion
The pH dependence of the net charge of a protein of known amino acid sequence can be estimated by assuming that the Fig. 4 . Although all denaturation curves were measured in the temperature range of 20 -85°C, for the sake of clarity plots cover a reduced temperature range. Fig. 4 . Although all denaturation curves were measured in the temperature range of 20 -85°C, for the sake of clarity plots cover a reduced temperature range. Thermal denaturation of lysozyme was carried out in the presence of 2 M GdmCl, as described under "Experimental Procedures."
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protein as a whole titrates as if it were a collection of independently titrating amino acid residues (20) . The result of this calculation is plotted in Fig. 7 . We note that this estimate is only approximate, as it neglects nonuniform effects of the local environment on nominally identical titratable residues and electrostatic interaction between the residues. Nonetheless, it is probably qualitatively accurate to say that as the pH decreases from 7 to 5, the net charge of ␣-LA decreases, whereas as the pH decreases from 7 to 3, the net charge on lysozyme increases. Our electrostatic hypothesis thus predicts that as the pH decreases, the stabilizing effect of all sugars upon ␣-LA as quantified by the magnitude of ␣ will decrease, but the stabilizing effect of all sugars upon lysozyme as quantified by the magnitude of ␣ will increase. These predictions are borne out by the results plotted in Figs. 5 and 6. The electrostatic hypothesis also predicts that the conformation of the U state will become increasingly elongated with increasing net charge, and the bestfit values of L U are in qualitative agreement with that observation, as may be seen in supplemental Fig. S8 . Although we have represented the unfolded conformation of each protein as a spherocylinder within the context of our simplified excluded volume model, it should be noted this representation is neither necessary nor unique. It is sufficient to assign to the unfolded state a simple representation that excludes more volume to cosolutes than does the model for the native state, such as the expanded sphere utilized in our previous treatment (19) . Our choice of the spherocylindrical representation was dictated by polyelectrolyte theory and experiment, as described under "Data Analysis." JANUARY 13, 2017 • VOLUME 292 • NUMBER 2
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Although not the main subject of this report, the electrostatic hypothesis also predicts that the intrinsic thermal stability of each protein (i.e. in the absence of added saccharide) will pro-gressively decrease as the pH of measurement deviates from the pI of the protein. The dependence of T m 0 upon pH for both proteins is plotted in supplemental Fig. S7 . The stability of ␣-LA decreases as the pH progressively deviates from its pI (Ϸ4.9), and the stability of lysozyme decreases as the pH progressively deviates from its pI (Ϸ9).
In summary, the reversible thermal denaturation of ␣-LA and lysozyme has been measured in the absence and presence of multiple concentrations of each of seven mono-and oligosaccharides at multiple pH values. The dependence of stability of each protein upon the concentration of sugar may be accounted for quantitatively and parsimoniously by a two-state model for unfolding, in which it is assumed that the stabilization of each protein by all sugars is essentially entropic in origin, due to an increase in volume excluded to sugar by the protein upon unfolding. Xie and Timasheff (21) and Kaushik and Bhat (22) had earlier concluded that the stabilization of RNase A, lysozyme, and chymotrypsinogen in the presence of trehalose is entropic in origin, and our reanalysis of the data published in these papers under supplemental information quantitatively confirms these conclusions. Poddar et al. (23) also measured the effects of various mono-and oligosaccharides on RNase A and observed that these saccharides increased the stabilization of protein without affecting the enthalpy of protein unfolding. Although Senske et al. (24) claimed that the stabilization of ubiquitin by glucose is enthalpically rather than entropically based, our reanalysis of the actual data (supplemental information) affirms that these data are entirely consistent with the entropic stabilization model utilized here and in Beg et al. (19) .
It cannot be emphasized too highly that that the total amount of data presented and analyzed here, in addition to data from other publications presented and analyzed in the supplementary information, far exceeds that presented in any previously published study of the thermal stabilization of proteins by sugars. The success of the simple excluded volume model in accounting quantitatively for all of these data, which includes both the concentration dependence of the stabilizing effect of all sugars at every pH, and the dependence of the stabilizing effect upon the degree of oligomerization of the various monoand oligosaccharides, provides strong evidence for the validity of the assumptions underlying this model. Finally, the difference between the pH dependence of stabilization of the two proteins may be accounted for qualitatively by assuming that an increase in the net charge of each protein results in a corresponding increase in volume excluded by the unfolded state to sugar.
Experimental Procedures
Materials
Commercially lyophilized proteins (bovine ␣-lactalbumin and hen egg white lysozyme), sodium cacodylate trihydrate, and all sugars (glucose, fructose, galactose, trehalose, sucrose, raffinose, and stachyose) used in this study were purchased from Sigma and used without further purification. Potassium chloride, glycine, and sodium acetate trihydrate were 5KXK (hen egg lysozyme) . The isoelectric points (pI) of ␣-LA and lysozyme, indicated by X marks on the plot, are estimated to be ϳ4.9 and ϳ9, respectively.
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purchased from Merck India. Guanidinium chloride (GdmCl) was the ultrapure sample from MP Biomedicals. All chemicals and reagents used were of analytical grade.
Holo ␣-lactalbumin and lysozyme were extensively dialyzed against 0.1 M KCl, at pH 7.0. The apo form of ␣-LA was prepared by adding 5 mM EGTA to the solution of holo ␣-lactalbumin during dialysis. Protein stock solutions were filtered using a 0.22-m Millipore filter. Concentration of the solutions of ␣-LA (25) and lysozyme (26) were determined experimentally using molar absorbance coefficient (⑀) values of 29,210 and 39,000 M Ϫ1 cm Ϫ1 , respectively, at 280 nm. Concentrations of stock solutions of GdmCl (27) and sugars (glucose, fructose, and sucrose) (28) were determined by refractive index measurements. However, the concentration of stock solutions of other sugars (galactose, trehalose, raffinose, and stachyose), which do not have the value of refractive indices were determined by dissolving a known amount of the respective sugar in the desired buffer. All measurements were taken in the desired degassed buffer. In our experiments, various buffer solutions were used for the measurements at different pH values: 0.05 M glycine-HCl buffer for pH 3.0; 0.05 M sodium acetate buffer for pH 4.0; and 0.05 M sodium cacodylate buffer for the range of pH 5.0 -7.0, and all buffer solutions contained 0.1 M KCl. Because of the high stability of lysozyme in the pH 7.0 -3.0 range, we could not get an entire denaturation curve within the range of accessible temperature at this pH range. Therefore, to measure the thermal denaturation curves of lysozyme within the range of accessible temperature, we added 2 M GdmCl to destabilize the lysozyme in this pH range.
Experimental Methods
Absorbance was measured in a Jasco V-660 UV-visible spectrophotometer equipped with a Peltier-type temperature controller (ETCS-761). Thermal denaturations of both proteins, ␣-LA and lysozyme, were monitored by following changes in the absorbance at the UV absorbance maximum of each protein (295 nm for ␣-LA and 300 nm for lysozyme) as a function of temperature. Thermal denaturations were measured in the temperature range of 20 -85°C with the heating rate of 1°C/ min. This heating rate provides adequate time for equilibration. Concentrations of ␣-LA and lysozyme used for absorbance studies were 0.40 and 0.50 mg ml Ϫ1 , respectively. The raw absorbance data obtained from thermal denaturation for each sample were converted into the change in molar absorbance coefficient (⌬⑀, M Ϫ1 cm Ϫ1 ) at a given wavelength , which is the difference between molar absorbance coefficient (⑀) at any temperature T and at 20°C.
Thermal denaturation of ␣-LA and lysozyme in the presence of fructose was monitored by following changes in ellipticity at 222 nm as a function of temperature in the range of 20 -85°C, and the rate of heating was 1°C/min. Temperature-dependent ellipticity changes were measured in a Jasco 1500 spectropolarimeter equipped with a temperature controller (PTC-100). The raw CD data (ellipticity) were converted into mean residue ellipticity [] (degree cm 2 dmol Ϫ1 ) at a given wavelength , using the relationship,
where is the observed ellipticity in millidegrees at wavelength , M o is the mean residue weight of the protein, c is the protein concentration in mg ml Ϫ1 , and l is the path length in centimeters.
All measurements were performed in triplicate, and the results reported here are the mean of the three values recorded at a given temperature. The precision of the data are indicated by the results obtained for replicates of a typical measurement, plotted in supplemental Fig. S9 . The reversibility of thermal denaturation was ascertained by measurement of absorbance change with slow cooling to monitor refolding. The results of heating and cooling experiments are plotted together in supplemental Fig. S10 , and their superposition shows that equilibrium was reached at all temperatures. In addition, superposition of the spectra of a protein before and after heating and recooling, shown in the supplemental information of Ref. 19 , indicates the absence of irreversible aggregation leading to wavelength-dependent scattering and the resultant distortion of recorded spectra.
Data Analysis
Estimation of the Value of Stabilization Parameter ␣-Data obtained from thermal denaturations of ␣-LA and lysozyme in the presence of different sugars and at different pH values were analyzed in the context of a model for reversible two-state thermal unfolding N 7 U derived from first-order excluded volume theory (19, 29) . This model assumes that the equilibrium constant for unfolding at any temperature varies with the concentration of added saccharide according to
where K NU and K NU 0 , respectively, denote two-state equilibrium constants for unfolding at temperature T in the presence and absence of sugar, and c S denotes the molar concentration of sugar. It is assumed that ␣ is characteristic of a particular protein-sugar pair, sensitive to experimental conditions such as buffer composition and pH, but insensitive to temperature, as elaborated in the supplemental information (see descriptions of supplemental Equations S1 and S2). This is equivalent to assuming that the stabilizing increase in free energy of unfolding resulting from the addition of sugar is essentially entirely entropic in origin. Two different methods were used to estimate the value of ␣.
(i) Global Modeling of Thermal Denaturation Profiles-A complete description of the model equations and modeling procedure were provided earlier (19) . In brief, data sets describing the dependence of an optical signal, either absorbance or ellipticity, upon temperature from solutions of a single protein in the absence and presence of multiple concentrations of a single saccharide were simultaneously fit by model equations assuming that the enthalpy and heat capacity of unfolding were independent of sugar concentration, and that the equilibrium constant for unfolding at any temperature could be specified by Equation 2 .
(ii) Rapid Approximate Method-This method does not require global modeling of the thermodynamic data. Two thermal denaturation curves, one obtained in the absence of sugar, and one obtained at the highest concentration utilized in the study, are separately fit by a two-state model in which the temperature dependence of the free energy of unfolding, ⌬K NU 0 (T), is specified by the integrated Gibbs-Helmholtz relationship (30) ,
where T m denotes the temperature at which the protein is halfunfolded, ⌬H NU 0 denotes the enthalpy of unfolding at that temperature, and ⌬C p denotes the change in heat capacity upon unfolding. The dependence of half-unfolding temperature upon the equilibrium constant for unfolding is given approximately by (31),
where R denotes the molar gas constant (2 cal degree Ϫ1 mol Ϫ1 ) and T m 0 the temperature at which the protein is half-unfolded in the absence of added sugar. Combination of Equations 2 and 4 leads to Equation 5 .
Coarse-grained Structure-based Model for pH Dependence of Sugar Stabilization
The conformation of the native (N) state is assumed to be unaffected by changes in pH due to the presence of stabilizing short-range intramolecular interactions (e.g. hydrophobic, H-bonding) that are independent of charge density (32) . Within the context of a coarse-grained model we represent the native state as a spherical particle with a radius equal to that of a sphere with the same mass and specific volume (19) . Lacking the stabilizing intramolecular interactions characteristic of the native state, the conformation of the unfolded (U) state is assumed to be sensitive to changes in longer-ranged intramolecular electrostatic interactions. In the previous report (19) the U state was treated as an expanded sphere. However, polyelectrolyte theory predicts, and experiments verify that as the charge density of a polyelectrolyte increases, the conformation becomes increasingly extended to relieve repulsive electrostatic interactions to the maximum extent possible (33) (34) (35) . In our revised coarse-grained model, we take into account an increase in the linear extension of the U state by representing unfolded protein as a spherocylinder of cylindrical length/diameter ratio L U , where r U (cylindrical radius of the spherocylinder representing the unfolded state) is given by Equation 6. In Equation 6 , r N denotes the radius of the sphere representing the native state. Equation 6 derives from the assumption that the absolute volumes of native (N) and unfolded (U) states are equal, although their excluded volume will differ for L U Ͼ 0. Note that a sphere is just a special case of spherocylinder with L U ϭ 0. Convex hard particle representations of the N and U states are portrayed schematically in Fig. 1 . As in the prior treatment, the native states of both proteins, monosaccharides and water are represented, respectively, by spheres of 16, 4, and 1.5 Å, and each oligosaccharide is represented by a spherocylinder of radius 4 Å and a ratio of cylindrical length to diameter L ϭ 2(n Ϫ 1)/3, where n is the degree of oligomerization of the saccharide (19) .
As before, the stabilization factor ␣ is calculated according to,
where V XY denotes the volume excluded by species X to species Y in units of Å 3 /molecule. Here X ϭ N for the native state or U for the unfolded state, and Y ϭ S for saccharide and H for water.
Excluded volumes are calculated using the Kihara relationship for convex hard particles (29) ,
where H i , S i , and V i , respectively, denote the Kihara supporting function, surface area and volume of particle representing species i. For a spherocylinder, these functions are given as Equations 9 -11. 
